In order to address the debatable prognostic role of MYC rearrangements in diffuse large B-cell lymphoma patients treated with rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone, we evaluated MYC rearrangements by fluorescence in situ hybridization in 563 cases using break-apart probes and IGH/MYC dual-fusion probes. Concurrent BCL2 and BCL6 aberrations were also assessed. Data were correlated with clinicopathological variables and prognostic parameters. MYC rearrangements were observed in 39/432 evaluable cases (9%), including 4 rearrangements detectable only with the dual-fusion probes, 15 detectable only with the break-apart probes and 20 detectable with both dual-fusion probes and break-apart probes. MYC rearrangements correlated with germinal center B-cell origin (P ¼ 0.02), MYC protein expression (P ¼ 0.032), and larger tumor mass size (P ¼ 0.0003). Patients with MYC rearrangements were more likely to be treatment resistant (Po0.0001). All types of MYC rearrangements were associated with poorer disease-specific survival, that is, 20/39 dead, median disease-specific survival 42 months, compared with 98/393 dead among the nonrearranged cases, median disease-specific survival not reached (P ¼ 0.0002). Cases with MYC rearrangements that overexpressed MYC protein were at risk with respect to disease-specific survival independent of the International Prognostic Index (P ¼ 0.046 and Po0.001, respectively). Presence of concurrent BCL2 aberrations but not of BCL6 aberrations was prognostically additive. Radiotherapy seemed to diminish the prognostic effects of MYC rearrangements in diffuse large B-cell lymphoma patients since only 2/10 irradiated patients with MYC rearrangements died of/with disease, compared with 16/28 non-irradiated patients with MYC
rearrangements. We conclude that MYC rearrangements add prognostic information for individual risk estimation and such cases might represent a distinct, biologically determined disease subgroup. Modern Pathology (2014) 27, 958-971; doi:10.1038/modpathol.2013.214; published online 13 December 2013 Keywords: diffuse large B-cell lymphoma; FISH; germinal center B-cell; MYC; prognosis; rearrangement; translocation Diffuse large B-cell lymphoma accounts for 20-30% of all lymphoid malignancies. This entity encompasses distinct morphological, molecular, and phenotypic variants and clinicopathological subgroups. 1, 2 However, most cases are classified as diffuse large B-cell lymphoma, not otherwise specified, because these cases do not meet the criteria of specific subtypes as proposed by the current World Health Organization classification system. 1 Despite recent advances in the classification and molecular profiling of diffuse large B-cell lymphoma, its biological heterogeneity still hampers reliable prognostication and more specific treatment. Thus, identification of specific subgroups at risk for resistance to conventional therapy or relapse as well as subgroups that will benefit from specific or targeted therapies is of central interest. Diffuse large B-cell lymphoma can be classified by gene expression profiling into germinal center B-cell subtype, activated B-cell subtype, and unclassified subtype. [3] [4] [5] Patient outcomes vary between these subtypes, and the germinal center B-cell subtype has a better outcome with the current standard rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone (R-CHOP) immunochemotherapy. 6 However, gene expression profiling does not capture all the biological parameters influencing diagnosis, clinical outcome, and response to therapy, nor is this modality feasible in daily practice.
The translocation t(8;14)(q24;q23), juxtaposing the C-MYC (MYC) gene to the immunoglobulin heavy chain (IGH) gene promoter, was the first translocation detected in lymphoid neoplasms. 7 It can be identified in almost all cases of Burkitt lymphoma, particularly endemic cases, 30-50% of unclassifiable B-cell lymphomas with features intermediate between diffuse large B-cell lymphoma and Burkitt lymphoma and in a smaller percentage of cases of diffuse large B-cell lymphoma, not otherwise specified. In unselected diffuse large B-cell lymphoma series, rearrangements of the MYC gene were discovered in approximately 5 to 10% of cases. [8] [9] [10] [11] [12] [13] Of these, 20 to 30% may have an additional break in the BCL2 and/or BCL6 gene, [14] [15] [16] fulfilling the criteria of so-called genetic double-hit lymphoma. The prognostic significance of MYC translocations in de novo diffuse large B-cell lymphomas, the gold standard for identifying such cases, their clinicopathological context, and gene expression profile are still debatable. 17 More recently, the prognostic significance of MYC translocations has been challenged by the recognition of so-called phenotypic double-hit diffuse large B-cell lymphoma. 14, [18] [19] [20] [21] To date, no study has been sufficiently statistically powered to resolve the current debatable issues regarding MYC aberrations in diffuse large B-cell lymphoma and the significance of genetic MYC single-hits vs double-hits in the context of phenotypic double-hits. The goal of this study was to address the above issues in a large number of patients with de novo diffuse large B-cell lymphoma, who were treated with R-CHOP, and stratified according to cell of origin.
Materials and methods

Patients
We studied 563 untreated de novo diffuse large B-cell lymphoma patients, diagnosed between January 2002 and October 2009. Formalin-fixed and paraffinembedded lymphoma samples were used to generate tissue microarrays as part of the International Diffuse Large B-Cell Lymphoma Rituximab-CHOP Consortium Program Study. All cases were reviewed by a group of hematopathologists (MAP, MBM, AT, and KHY) based on the current World Health Organization criteria. 1 Presence of a starry sky pattern, mitotic counts, and lymphoma cytology were assessed by two investigators (AT and KHY). Patients with diffuse large B-cell lymphomas transforming from low-grade lymphoma, those with primary mediastinal large B-cell lymphomas, primary cutaneous, and primary central nervous system diffuse large B-cell lymphomas, as well as individuals infected by the human immunodeficiency virus were excluded from analysis. Data collection protocols were approved by each of the participating centers' Institutional Review Boards and the study was approved by the Institutional Review Board at the University of Texas MD Anderson Cancer Center in Houston, TX, USA. Disease responses to treatment were defined according to the revised International Working Group criteria. 22 Disease relapses were defined as disease recurrences after remission. Follow-up data were provided by the participating centers and are updated yearly.
Treatment
Treatment consisted of R-CHOP (n ¼ 476, 85%), generally six cycles of R-CHOP-21 with or without two additional cycles of rituximab, or an R-CHOPlike regimen (n ¼ 87, 15%; of these, 61 patients were given the R-CEOP scheme, whereas in the remaining 26 patients hydroxydaunorubicin was either dose adjusted or substituted). Radiotherapy followed chemotherapy in 147 (26%) patients, and was administered according to protocols adopted by the referring physician at each center; half of the patients treated with o6R-CHOP cycles compared with only one-fifth of the patients treated with Z6R-CHOP (P ¼ 0.0003) were irradiated.
Fluorescence In Situ Hybridization for MYC Gene Rearrangements
Fluorescence in situ hybridization (FISH) was performed with a locus-specific identifier IGH/MYC/ CEP 8 tri-color, dual-fusion probe (05J75-001 from Abbott/Vysis, Downers Grove, IL, USA). Owing to the inability of the former to identify alternative (non-IGH) MYC rearrangement partners, the locusspecific identifier MYC dual-color, break-apart probe (05J91-001 from Abbott/Vysis) was applied as well. Both probes were used according to the manufacturer's protocols. In addition, BCL2 and BCL6 gene rearrangements were studied with respective break-apart probes (07J75-001 and 01N23-020 from Abbott/Vysis, respectively). Cases on the tissue microarray were considered for evaluation if at least 200 tumor cell nuclei per core displayed positive FISH signals. Abnormal FISH signals were recorded as percentage of total tumor cells showing an abnormality. The cutoff score to consider a case rearranged was the mean þ 3 s.d. of nuclei with fused or split signals in reference cases (ie, 46.5% for IGH/ MYC fusions, 44% for MYC breaks, 43% for BCL2 breaks, and 41.5% for BCL6 breaks). 12, 23, 24 High-level 8q24 amplification was defined as the presence of either Z6 gene signals or tight clusters of at least five gene signals per cell. Polysomies/ trisomies and low-level amplifications (referred together as 'gains') were defined as cases in which the number of tumor cell nuclei with three or more signals exceeded the mean þ 3 s.d. of trisomic/ polysomic nuclei in the reference cases (ie, 45%). Five tonsils were used as references. To assess reproducibility, comparison between the results of two observers (MG and AT) were performed in a blinded manner in 100 cases; the agreement was perfect for breaks (k ¼ 1) and excellent for gains (k ¼ 0.89).
Immunohistochemical Analysis for MYC and Ki-67 and Cutoff Determination
All patient samples were evaluated for MYC protein expression, using the monoclonal anti-(c)MYC antibody, clone Y69 (Epitomics, Burlingame, CA, USA), at 1:100 dilution as described elsewhere. 18 The percentage of stained tumor cells was counted and recorded in 5% increments, and 495% staining for MYC protein was considered positive with respect to MYC rearrangements. This value was established from the analysis of the area under the receiver operating characteristic curves 25 and had the maximum specificity (36%) and sensitivity (91%) to predict MYC breaks in our patient samples (area ¼ 0.599, 95% confidence interval 0.484-0.715, P ¼ 0.063). Considering prognosis, the receiver operating characteristic curve indicated that 75% was the most relevant MYC protein expression cutoff score. Both 95% and 75% and the score proposed by Green et al 18 (median expression) were used for survival analyses. The Ki-67 labeling index was assessed by counting, in 5% increments, MIB-1 signals utilizing the respective monoclonal antibody at 1:100 dilution (DAKO, Carpinteria, CA, USA). Expression data for Bcl2 on these cases were available as a result of earlier studies 19, 26 and were utilized for statistical analysis.
Gene Expression Profiling
Total RNA extracted from each formalin-fixed, paraffin-embedded tissue sample was subjected to gene expression profiling using Affymetrix GeneChip Human Genome HG-U133 Plus 2.0 to classify 476 diffuse large B-cell lymphoma cases into germinal center B-cell subtypes or activated B-cell subtypes as previously described, 27 and to determine gene expression signatures according to MYC rearrangements.
Cell of Origin Classification
Cell of origin classification was attempted by both gene expression profiling and immunohistochemistry, with gene expression profiling considered as the gold standard. Briefly, gene expression profiling was performed in 476 cases, 433 of which were classifiable. Immunohistochemistry was performed in all 563 cases, 553 of which were evaluable. The 43 cases unclassifiable by GEP and the 87 cases, in which gene expression profiling was not performed, were further classified by immunohistochemistry according to the Visco/ Young algorithm. 27 
Statistical Analyses
All statistical analyses were performed using the Statistical Package of Social Sciences (IBM SPSS version 19.0, Chicago, IL, USA) for Windows and reported applying the REMARK guidelines. 28 The interobserver agreement for FISH was assessed using the k statistic; a k value of 40.75 implying excellent agreement. The Pearson w 2 statistic, the Spearman rank correlation, and the Fisher's exact test were used where appropriate to analyze relationships between biomarkers and clinical and laboratory parameters. The Mann-Whitney U and Kruskal-Wallis tests were applied where appropriate to identify quantitative differences between groups. Overall survival was measured from the time of diagnosis to last follow-up or to death from any cause. Disease-specific survival was measured from the time of diagnosis to last follow-up or to death of/with disease. Progression-free survival was measured from the time of diagnosis to the time of progression, relapse, or death of/with disease. The probabilities of survival were determined using the Kaplan-Meier method, and differences were compared by the log-rank test. All variables of prognostic significance in the univariable model (log-rank test) were evaluated using the Cox proportional hazards model for multivariate analysis. A Po0.05 was considered statistically significant.
Results
Patient Characteristics
Our cohort consisted of 326 male patients (58%, mean age 60±15 years) and 237 female patients (42%, mean age 63 ± 14 years). There were 393 primary nodal lymphomas and 170 were extranodal; the most common extranodal locations encompassed the head and neck region (n ¼ 44), gastro-intestinal tract (n ¼ 36), testicles (n ¼ 23), bones (n ¼ 11), and female genital tract (n ¼ 10). The following clinical findings were unavailable in some of the patients: stage (n ¼ 16), B-symptoms (n ¼ 66), serum lactate dehydrogenase (n ¼ 54), International Prognostic Index (n ¼ 61), and maximum tumor diameter (n ¼ 143). For the rest of the group, the clinical findings were: stage I (29%), II (21%), III (22%), and IV (28%); B-symptoms (34%), elevated lactate dehydrogenase (67%); International Prognostic Index of 0-1 (low; 42%), 2 (low-intermediate; 24%), 3 (high-intermediate; 20%), 4-5 (high; 15%), and mean largest tumor mass of 5.7 ± 3.5 cm (range 1-18; 16% 410 cm, ie, bulky disease). 29 After therapy, complete remission was achieved in 424 (75%) patients, partial remission in 75 (13%), stable disease in 25 (4%), and 39 (7%) had progressive disease. Within the mean observation period of 43.4 months (range 1-140, median 40), there were 184 recurrences and 212 (38%) patients died, 147 (26%) of whom died of/with disease. Mean overall survival was 81 months (95% confidence interval 72-90), median was reached after 85 months (95% confidence interval 75-97), mean disease-specific survival was 118 months (95% confidence interval 112-124), median was not reached, mean progression-free survival was 73 months (95% confidence interval 67-80) and median was reached after 76 months (95% confidence interval 66-86).
Histopathological Features, Immunophenotype, and Cell of Origin
There were 20 cases (4%) with immunoblastic morphology. Mitotic counts 420/mm 2 were observed in 116 (27%) neoplasms and starry sky pattern in 31 (7.3%). The mean proliferation rate was 71% (median 70%, range 30-95%). Mean MYC protein expression was 52% of the tumor cells (median 50%, range 0-100%). Considering cell of origin, 261 of 553 (47%) cases were of the activated B-cell subtype according to immunohistochemistry 27 and 207 of 433 (48%) according to gene expression profiling, whereas 292 (53%) and 226 (52%) were of the germinal center B-cell subtype, respectively; 10 cases could not be classified by either method.
Fluorescence In Situ Hybridization
A total of 376 (67%) cases were evaluable for BCL6 by FISH, 440 (78%) for BCL2, 428 (76%) for IGH/MYC fusions, and 432 (77%) for MYC breaks. Technical problems such as hybridization failures and non-specific or weak fluorescence were responsible for 75% of the non-analyzable cases, whereas the others were because of too few cells or empty or non-informative spots on the tissue microarray. The most commonly rearranged gene in our cohort was BCL6, with breaks in 121 of 376 cases (32%). The mean proportion of cells with BCL6 rearrangements in positive cases was 44 ± 29% (median 50%). Six additional cases (1.6%) showed high-level amplifications and 89 (24%) showed other types of gene gains. BCL2 was rearranged in 80 of 440 (18%) of cases. The mean proportion of cells with BCL2 rearrangements in positive cases was 67±22% (median 70%). Four further cases (1%) showed high-level amplifications and 54 (12%) showed other types of gene gains.
Structural aberrations of MYC were detected in 39 cases (9%), including 20 (51%) rearrangements detectable with both probes and thus corresponding to the classical t(8;14), 15 (38%) rearrangements detectable only with the break-apart probe ( Figure 1a ) and thus likely corresponding to non-IGH rearrangement partners of MYC including the light chain loci, ZCCHC7, ZBTB5, BCL11A, or BCL6; the latter might apply to three cases of our series in which both MYC and BCL6 breaks were detected but there were no IGH/MYC fusions. [30] [31] [32] In four cases (11%), MYC rearrangements were detectable only with the dual-fusion probe (Figure 1b) and thus corresponded to t(8;14) with MYC breaks 4100-bp 5 0 to the first gene exon, which are typical for endemic Burkitt lymphomas and are not detectable by the applied break-apart probe. 33, 34 Three cases with MYC breaks showed telomeric deletions and one telomeric amplification or double minutes. The mean proportion of cells with MYC breaks in positive cases was 47±26% (median 50%), whereas the mean proportion of cells with IGH/MYC fusions in positive cases was 39±27% (median 30%), explained by the fact that the dual-fusion probe is more prone to cut-artifacts. There were 3 cases (0.7%) with high-level amplifications of MYC ( Figure 1c ) and 55 cases (13%) with other types of gene gains. Cases with high-level amplifications of MYC were not associated with any specific clinicopathological parameters or outcome and were not considered further. Cumulatively, 8 of 322 (2%) cases evaluable for all FISH probes showed gains of BCL2, BCL6, MYC, and IGH, suggesting polyploidy, but they were not associated with any specific clinicopathological parameters or outcome and were not considered further. There were eight BCL2/MYC and four BCL6/MYC genetic double-hit cases as well as two BCL2/BCL6/MYC triple-hit cases. In four of the BCL2/MYC and in one of the BCL6/MYC genetic double-hit cases and in both BCL2/BCL6/MYC triple-hit cases, MYC had a non-IGH rearrangement partner. Altogether, there were 14 genetic double-hit and triple-hit cases out of 39 MYC rearranged diffuse large B-cell lymphomas (36%), which is within the range of published series. [14] [15] [16] 20 BCL6/MYC genetic double-hit cases were not associated with any specific clinicopathological parameters or outcome and were not considered further.
Clinicopathological Context of Cases with MYC Aberrations
All significant differences in clinicopathological parameters between MYC rearranged and nonrearranged cases are shown in Table 1 , whereas those of MYC protein overexpressing cases are shown in Table 2 . Importantly, MYC rearranged 
Clinical Outcomes of Diffuse Large B-Cell Lymphomas with MYC Gene Aberrations
The specific impact of MYC aberrations on prognosis of diffuse large B-cell lymphoma patients is shown in Table 3 and Figures 2a and b . Importantly, all patients with MYC hits who died did so because of/with disease, and thus in such instances overall survival and disease-specific survival were identical. Other factors associated with inferior overall survival, disease-specific survival, and progressionfree survival in our cohort were higher International Prognostic Index scores (P ¼ 1.3e11, 4.7e13, and 8.7e12, respectively), presence of bulky disease (P ¼ 0.002, 0.001, and 0.006, respectively), presence of B-symptoms (P ¼ 0.001, 0.0002, and 0.0002, respectively), activated B-cell origin (P ¼ 0.003, 0.005, and 0.001, respectively), phenotypic doublehits, that is, cases co-expressing MYC (cutoff Z40%) and Bcl2 (cutoff Z70%) at the protein level as defined in our former study 19 (P ¼ 0.05, 0.006, and 0.007, respectively), expression of Bcl2 in Z70% of the tumor cells (P ¼ 0.003, 0.002, and 0.001, respectively) and application of R-CHOP-like regimens rather than R-CHOP (P ¼ 0.007, 0.04, and 0.028, respectively). Expression of MYC protein in 475% (receiver operating characteristic curve-suggested prognostic cutoff score) or 495% (most relevant predictive score for MYC rearrangements) of tumor cells was associated with adverse overall survival (P ¼ 0.1 and 0.032, respectively) and disease-specific survival (P ¼ 0.036 and 0.025, respectively); when other cutoff scores (50%, 40%) were applied the survival differences between MYC protein 'positive' and 'negative' cases lost statistical significance. When cases that did not display MYC rearrangements were analyzed separately, MYC protein expression did not add any prognostic information. Yet, an integrative approach considering both MYC FISH and MYC protein expression data, applying either the prognostically relevant cutoff score of 75% (P-values for overall survival, diseasespecific survival, and progression-free survival, 0.01, 1.5e6, and 0.002, respectively) or the median (50%; P ¼ 0.03, 3.3e5, and 0.011, respectively), improved the prognostic performance of MYC (Figure 2c ). Radiotherapy improved disease-specific survival (P ¼ 0.03), and this improvement was more profound in patients with stage I disease (P ¼ 0.006). When genetic single-hit and double-hit cases were analyzed separately, the presence of 'MYC only' hits retained their prognostic relevance (Figure 2d ). Even within the sub-cohort of phenotypic double-hit diffuse large B-cell lymphoma patients, presence of MYC rearrangements was associated with more unfavorable outcomes (P-values for overall survival, disease-specific survival, and progression-free survival, 0.012, 0.003, and 0.018, respectively; Figure 3a) . When analyzed in subgroups, defined by bulky disease, B-symptoms and International Prognostic Index, the presence of MYC rearrangement retained its negative prognostic impact for overall survival, disease-specific survival, and progression-free survival in all subgroups except patients with a high-intermediate International Prognostic Index. MYC rearrangement retained its prognostic significance for disease-specific survival, but not for overall survival and progression-free survival in patients whose diffuse large B-cell lymphomas expressed Bcl2 in Z70% of the tumor cells. MYC rearrangement predicted poorer overall survival, disease-specific survival, and progression-free survival, in cases expressing Bcl2 in o70% of the tumor cells. Presence of MYC rearrangement also retained its effect on disease-specific survival in patients treated with R-CHOP and in those treated with R-CHOP-like regimens. When analyzed according to cell of origin, the prognostic significance of MYC rearrangements applied exclusively to germinal center B-cell cases (Figure 3b) . When disease stages I-II patients were stratified according to whether or not they were given adjuvant radiotherapy, the negative prognostic role of MYC rearrangements was observed in non-irradiated patients, whereas addition of radiotherapy seemed to possibly equalize the prognostic impact of MYC rearrangements by increasing the mean survival from 49 months (non-irradiated patients with MYC rearrangements and limited stage diffuse large B-cell lymphoma, 95% confidence interval 27-72, median 39; 5 dead of 9 patients, ie, 55%) to 61 months (irradiated patients with MYC rearrangements and limited stage diffuse large B-cell lymphoma, 95% confidence interval 38-83, median not reached; 1 dead of 6 patients, ie, 17%; Figures 3c and d and Table 4 ); a direct comparison of the six MYC rearranged irradiated patients with the nine MYC rearranged non-irradiated patients did not show statistical significance (P ¼ 0.233), probably due to low number cases; yet the survival curves implied a survival advantage for the former. Importantly, the distribution of patients who were given o6 cycles of R-CHOP (thus, considered potentially undertreated) among irradiated (3 of 6) and non-irradiated (1 of 9) MYC rearranged diffuse large B-cell lymphomas could not explain the observed more favorable outcome of the irradiated MYC rearranged patients.
The multivariable model results including all relevant factors from the univariable analyses are shown in Table 5 .
Differential Gene Expression between MYC Rearranged and Non-Rearranged Diffuse Large B-Cell Lymphomas
To identify additional molecular mechanisms underlying the unfavorable outcome of patients Table 4 Comparison of patients with stages I-II MYC rearranged diffuse large B-cell lymphomas stratified by radiation status; except for differences in gender distribution (P ¼ 0.041), the distribution differences of all other variables did not reach statistical difference with MYC rearranged diffuse large B-cell lymphomas, we compared the gene expression signatures of MYC rearranged and non-rearranged cases. MYC encodes for a transcription factor with both activating and repressing functions, which is thought to control approximately 10% of all human genes, 35 promoting cell proliferation, cell growth, and biosynthesis as well as modulating apoptosis. 17 Thus, it was not unexpected that, along with MYC itself, genes involved in intracellular biosynthesis such as TIMM8A, RIMKLB, RPL37, FBL, GTF2I, PSPH, DDX54, SMAD1, and CYCLIN B1 were upregulated in MYC rearranged cases (Figure 1d) . Importantly, PEG10, the overexpression of which accompanies high-risk B-cell chronic lymphocytic leukemia, 36 the transcriptional repressor or activator of B cells BACH2, the AKT, and NF-kB coactivator TCL1A, as well as KCNQ5 (potassium voltage-gated channel, KQT-like subfamily, member 5) were also overexpressed. On the other hand, multiple genes involved in T-cell functions, particularly Th17-cellmediated functions such as IL17RB, BATF, CD58, EBI3, and TRAF1 were downregulated in MYC rearranged cases. When analyzed in the different cell of origin subgroups, the MYC signature obtained from the whole cohort was retained in the germinal center B-cell cases, but not in the 12 MYC rearranged activated B-cell cases, which were characterized by overexpression and downregulation of other genes (data not shown).
Discussion
We report a large-scale analysis of the prognostic significance of MYC aberrations in diffuse large B-cell lymphoma patients treated with R-CHOP. The strengths of our study, which considerably expands on previous knowledge, include the following: We identified structural aberrations of MYC in 9% and amplifications in o1% of cases. The most common structural aberration, observed in 51% of cases with aberrations, was the classical IGH/MYC fusion corresponding to t(8;14), followed by MYC rearrangements with non-IGH partner genes (38%) and t (8;14) with MYC breaks 4100-bp 5 0 to the first gene exon (11%), which are typical for endemic Burkitt lymphomas; 26% of MYC rearranged diffuse large B-cell lymphomas had prognostically relevant genetic double-hits involving the BCL2 gene. MYC rearrangements were predominantly encountered in germinal center B-cell cases (69%), which was also reflected by their more common and abundant positivity for CD10. MYC rearrangements could not be predicted by any of the clinicopathological variables studied and could not be accurately predicted by MYC protein expression analysis (sensitivity 91% and specificity 36%). Yet, patients whose diffuse large B-cell lymphomas had MYC rearrangements tended to present with larger masses or bulky tumors, more commonly and abundantly expressed MYC protein, and frequently (44%) failed to achieve complete remission after R-CHOP treatment. MYC rearranged patients showed worse clinical outcome with respect to overall survival, disease-specific survival, and progression-free seems promising, as in our cohort this 'double approach' was able to identify diffuse large B-cell lymphomas with worse disease-specific survival independent of the International Prognostic Index. Our observed relative frequency of 9% structural MYC aberrations among unselected diffuse large B-cell lymphoma cases is in line with published series [8] [9] [10] [11] 13, 20 being more commonly detectable, as reported, in cases expressing CD10 and the germinal center B-cell subtype. Previous studies reported lower frequencies of MYC aberrations in diffuse large B-cell lymphomas, 12, 37, 38 but these studies were influenced by selection of cases with high tumor cell numbers, 38 exclusion of highly proliferating, monomorphic-centrocytic, and ileocecal cases 12 or were skewed toward younger individuals (median age 56 years) and women. 37 Still, other studies reported higher frequencies of MYC rearrangements, 39-41 but they were influenced by skewing toward older patients (median age 71 years), inclusion of only nodal and relapsed diffuse large B-cell lymphomas or by application of lower cutoff scores for FISH. With regard to the latter, application of low FISH scores does not reflect tumor biology and should be discouraged. 42 Thus, the relative frequency of structural MYC aberrations in unselected diffuse large B-cell lymphomas can be assumed to be 8-10%. Considering the reliable detection and interpretation of such cases, several debatable issues currently remain: (i) Is there a reliable surrogate for FISH? (ii) Which set of FISH probes should be applied? (iii) What kind of prognostic information is provided by the MYC rearrangement status? Our current data and analysis of previous reports 18, 43, 44 suggest that although assessment of MYC protein might indicate the presence of MYC rearrangements and is, independent of the MYC gene status, a negative prognostic factor, 18 its specificity and positive predictive value might not be reliable enough to substitute for assessment of MYC gene status. This is primarily due to multiple mechanisms regulating MYC, such as miR-34 45, 46 or PTEN. 47 Moreover, assessment of proliferation 12 and other clinicopathological parameters are not reliable identifiers of MYC rearranged diffuse large B-cell lymphomas. Nevertheless, a combined FISH and MYC protein detection approach seems to be worth further testing, as the negative prognostic impact of MYC rearrangements was limited to cases expressing MYC protein in at least 50% (4median) of tumor cells and identified patients at risk with respect to disease-specific survival in an International Prognostic Index-independent manner. Thus, although FISH remains the gold standard to identify structural MYC gene aberrations, a two-step approach starting with protein expression assessment followed by FISH examination in all cases with MYC protein expression over the cutoff score seems rational. Comparing the phenotypic and genotypic double-hit scoring system and the combined 'MYC immunohistochemistry/MYC FISH' two-step approach, the results of our multivariable analysis clearly favor the latter. Considering the design of FISH probes, break-apart probes identify a higher number of cases, as they also cover the prognostically relevant MYC rearrangements with non-IGH partners, although they are unable to identify a minor proportion (1% of all diffuse large B-cell lymphomas, 11% of diffuse large B-cell lymphomas with structural MYC aberrations) of cases with t (8;14) and MYC breaks 4100-bp 5 0 to the first exon. 33, 34 Such instances may warrant successive applications of break-apart probes and dual-fusion probes.
Our study provides the rationale to identify MYC rearrangements in diffuse large B-cell lymphomas with potential clinical applications. First, presence of MYC rearrangements detect diffuse large B-cell lymphoma cases likely to have a poor outcome and poor response to current treatment (R-CHOP). Even within the sub-cohort of phenotypic doublehit diffuse large B-cell lymphoma patients, presence of MYC rearrangements was associated with more unfavorable outcomes, improving the accuracy of the former method to identify patients at risk. Our findings also point to the need for prospective clinical trials to determine optimal strategies to overcome the MYC-related treatment resistance, for example, application of DA-EPOCH-R 48 and randomized study of the possible role of radiotherapy in limited stage disease, as suggested by our data. Detection of MYC rearrangements is also helpful in selecting diffuse large B-cell lymphoma patients in whom additional genetic testing for, at least, BCL2 is needed to identify so-called genetic double-hit lymphomas, 16 which represent a true oncological challenge and are clearly under-treated by R-CHOP. Finally, as suggested by the specific gene expression profiles of MYC rearranged diffuse large B-cell lymphomas, these cases might harbor specific targetable molecules and pathways. At least two potential targets identified in our study are: (i) overexpression of the potassium voltage-gated channel, KQT-like subfamily, member 5, KCNQ1 and (ii) Suppression of multiple genes involved in Th17-mediated functions. There is growing evidence that potassium channels have an important role in oncogenesis, and their potential as therapeutic targets in cancer has been recognized recently. 49 Thus, the identification of KCNQ5, specifically blockable by linopiridine, 50 as upregulated in MYC rearranged diffuse large B-cell lymphomas seems a promising therapeutic approach. Whether the suppression of genes mediating T-cell functions, particularly Th17-cell functions, reflects a specific tumor cell/T-cell interaction in MYC rearranged diffuse large B-cell lymphomas related to MYC protein activity, indicates other complex immunologic interactions or mirrors a numerical change of tumor-infiltrating T cells, needs to be further clarified, as this finding may represent a potential target for immunomodulatory derivatives.
We acknowledge potential weaknesses of our study. This study is retrospective in nature with missing clinical data in some patients. A subset of patients in this study, 15%, received R-CHOP-like regimens instead of R-CHOP regimens. However, MYC rearrangements were connoted poor prognostic significance in both patients treated with R-CHOP and those treated with R-CHOP-like regimens. Application of R-CHOP-like regimens had a major impact on overall survival only, implying that mainly patient-related factors such as age and comorbidity, which required modification in anthracycline usage, and not tumor-related factors might largely be responsible for the poorer outcome of individuals treated with R-CHOP-like regimens.
In summary, MYC rearrangements can be detected in 9% of diffuse large B-cell lymphomas; 5% are detectable by both, break-apart probes and dualfusion probes, 3% by break-apart probes and 1% by dual-fusion probes only. Patients with MYC rearranged diffuse large B-cell lymphomas more frequently present with bulky disease, fail to achieve complete remission with R-CHOP therapy and have poorer disease-specific survival, independent of the International Prognostic Index, if their tumors express MYC protein in more than half of the tumor cells. Even within phenotypic double-hit diffuse large B-cell lymphoma cases, presence of MYC rearrangements is associated with more unfavorable outcomes, improving the accuracy of the former method to identify higher risk patients. In all, 70% of MYC rearranged diffuse large B-cell lymphomas are of the germinal center B-cell origin and one-third have a second, prognostically deleterious, BCL2 hit. Adjuvant radiotherapy might have possible potential to influence the outcome especially in limited stage MYC rearranged diffuse large B-cell lymphoma patients. However, this point needs clarification in prospective trials. Finally, a potentially targetable potassium voltage-gated channel, KCNQ5, is specifically overexpressed in MYC rearranged diffuse large B-cell lymphomas, a finding that warrants further investigation.
